4-Hydroxyphenylpyruvate dioxygenase is one of the most promising targets for herbicide discovery. A series of 1-acyl-3-phenyl-pyrazol benzophenones were designed and synthesized using 1,3-diphenylpropane-1,3-dione and dimethylformamide dimethylacetal as the starting materials. All of the compounds were characterized by IR, 1 H NMR, 13 C NMR, and HRMS. The configuration of 5f was determined by X-ray crystallography. The bioassay studies indicated that most of these derivatives exhibited herbicidal activity at least to a certain degree, in which compounds 5n and 5o displayed good herbicidal activity at a dosage of 0.05 mmol m
Introduction
4-Hydroxyphenylpyruvate dioxygenase (HPPD), a Fe(II)-dependent and non-heme dioxygenase, was founded by Zeneca Group PLC in 1982.
1 HPPD catalyzes the conversion of 4-hydroxyphenylpyruvic acid (HPPA) to homogentisate (HGA) which involves decarboxylation, substituent migration and aromatic oxygenation in a single catalytic cycle. [2] [3] [4] HGA is an important precursor for the biosynthesis of tocopherol and plastoquinone, which are crucial for the normal growth of plants. The plant will be injured severely when HPPD is inhibited, and the plant meristem will become bleached in sunlight and cause necrosis and nally death. [5] [6] [7] Therefore, HPPD inhibitors are also termed bleaching herbicides. 8, 9 These herbicides have the advantages of a wide weed-control spectrum, exibility for application time, and compatibility for tank mixes with other herbicides.
10-13
Perennial broadleaf weeds in broad-leaf plant elds can also be weeded out by the HPPD inhibitor with high activities, lowresidue, and application safety.
11,12,14 HPPD inhibitors have been developed a number of different structures, such as triketone, pyrazole, isoxazole, diketonitrile and benzophenone.
15,16
As reported, containing triketone quinolines derivatives were designed and showed good herbicidal activity of Arabidopsis thaliana HPPD (AtHPPD). 17 And Yang et al.
developed a series of triketone-based hybrid compounds which lengthening the aryl side chain with potent inhibitory activity.
18
The pyrazole and its derivatives have drawn wide attention in biological and pharmacological elds. 19 As aromatic heterocyclic compounds, N-substituted pyrazole is important chemical scaffold, and a large number of pyrazole derivatives have been synthesized with extensive bioactivity. For example, Nsubstituted pyrazoles are good inhibitors of p38 mitogenactivated protein kinase for the treatment of cancer cells. 20 It was reported that the pyrazole-benzimidazolone is a potential inhibitor to type I tyrosinemia. 21 Furthermore, pyrazolone-quinazolone hybrids were conrmed as novel human 4-hydroxyphenylpyruvate dioxygenase inhibitors.
22
As shown in Fig. 1 , there are four pyrazole HPPD inhibitors with good weed control containing pyrazolynate, pyrazoxyfen, benzofenap and pyrasulfotole. The common chemical subunit of these pyrazole inhibitors is 2-benzoylethen-1-ol. In order to search novel HPPD inhibitor analogues and continue to design and synthesis novel nitrogen-containing heterocycle pesticide,
23-25
herein we reported the synthesis of a series of novel pyrazole derivatives via cyclization and acylation without any expensive reagent or catalyst (Scheme 1). Greenhouse experiments demonstrated that some of them exhibited promising herbicidal activity against barnyard grass at a rate of 0.05 mmol m
À2
.
Experimental

Chemicals and instruments
All the reagents were analytical grade and used without further purication. Analytical thin-layer chromatography (TLC) was performed on silica gel GF254 (Qingdao Haiyang Chemical Co. Ltd). The yields were not optimized. The melting point was measured using a Beijing Taike point apparatus (X-4) and the thermometer was not corrected. The infrared (IR) spectra were taken on a KJ-IN-27G infrared spectrophotometer (KBr). The NMR spectra were recorded on a Bruker AV600 spectrometer with CDCl 3 or DMSO-d 6 as the solvent and TMS as the internal standard. High-resolution mass spectrometry (HRMS) was obtained by FTICR-MS. Pyrazoxyfen were purchased from Tianjin Sigma Technology Co., Ltd.
Compound 3 was synthesized according to the ref. 26 . A mixture of 1,3-diphenylpropane-1,3-dione (2.24 g, 10 mmol) and dimethylformamide dimethylacetal (1.19 g, 10 mmol) in anhydrous toluene (50 mL) was heated and reuxed for 8 h, then cooled to room temperature. 
X-ray diffraction
The suitable single crystal of 5f was recrystallized from a mixture of ethyl acetate and petroleum ether (Fig. 2) . The X-ray data were collected on a Rigaku RAXIS-RAPID diffractometer (Japan) with Mo-K a radiation (l ¼ 0.71073Å) at 293(2) K. A total of 5577 reections were measured, of which 3266 independent reections (R int ¼ 0.0382) were obtained in the range of 3.17 < q < 25.00 (h, À9 to 9; k, À12 to 10; l, À13 to 11), and 1805 observed reections with I > 2s(I) were used in renement on F 2 .
The structure was solved by direct method using SHELXS-97 crystallographic soware package. 30 The full matrix least squares renement based on 
Biological assays
The greenhouse experiment was employed to measure the inuences of target compounds to barnyard grass and maize. The concentration was set to 0.05 mmol m À2 aer initial screening with pyrazoxyfen, and pyrazoxyfen was also used as the reference substance. Aer 15 days, all the compounds solutions were sprayed to the leaves and stems. Then 10 days later, chlorophyll content of barnyard grass was tested (Table 1) . The safety to maize of the selected compounds was also determined. The pyrazoxyfen concentration was set to 1.25 mmol m À2 in order to make it injury to maize. The spraying treatment was conducted at the same dosage with pyrazoxyfen when the maize had reached the two-leaf stage. Aer 7 days, the chlorophyll content of the maize was determined (Table 2) .
Computational methods
Compounds were constructed and optimized using SYBYL-X 2.0 and Gasteiger-Huckel charges were calculated for them. 31 The crystal structure of AtHPPD was obtained from the Protein Data Bank (PDB ID 1TFZ). Before docking, the protein structure was prepared in Accelrys Discovery Studio 2.5 (DS 2.5) to remove the water and some other co-crystallized small molecules. Aer the protein prepared, the active site of the protein was dened based on volume occupied by the known ligand pose already in an active site. During the docking process top 10 conformations were generated for each ligand based on docking score value aer the energy minimization using the smart minimize method in DS 2.5.
Results and discussion
Chemistry
In this research, compound 4 was synthesized with 1,3-diphenylpropane-1,3-dione, dimethylformamide dimethylacetal and N 2 H 4 $2HCl as the starting materials, and dry toluene as solvent. It should be noted that the yield of compound 4 was promoted to 89.5% when reaction time prolonged to 1.5 h and appropriate distilled water added compared with the method of the ref. 26 . It might due to that the N 2 H 4 $2HCl dissolved adequately while adding distilled water.
The procedure to compounds 5a-t was N-acylation reaction. The substitute structure affected the yields signicantly due to the electronic effect. Compounds 5a-5d with benzoyl chloride or Me substituted benzoyl chloride used as acylated reagent were obtained in the high yield, such as the yield of compound 5b was increased to 90%. While p-substituted phenyl with electron-withdrawing groups like -Cl, -F, -CF 3 and -NO 2 , the yields were decreased largely, especially the yield of compound 5i was decrease to 30%.
The structures of all the synthesized compounds were conrmed by 1 H NMR, 13 C NMR, and HRMS analyses. All target compounds showed similar spectroscopic characteristics due to the structural similarity. Single peak present at around 8.50-8.80 ppm in 1 H NMR spectra correspond to the proton of pyrazole. The carbonyl connected to the 4 position of the pyrazole showed a shi at 189 ppm in the 13 C NMR spectrum, and the shi around 167 ppm correspond to carbonyls connected to N substituted of the pyrazole.
Structure analysis
The molecular structure of 5f was shown in Fig. 2 . Compound 5f contained three benzene rings and a pyrazole ring. The pyrazole ring and benzene ring are not coplanar with the dihedral angle being 46.726 (279) . In addition, the second benzene ring [C11, C12, C13, C14, C15, and C16] is almost vertical to the rst one [C1, C2, C3, C4, C5, and C6] with the dihedral angle being 74.64 (2) . No signicant p-p interactions were found in the crystal structure.
Biological activity
At present, HPPD inhibitory activity was evaluated through different assays. The enzyme assay in vitro is the most common method which tested by monitoring the production of maleylacetoacetate at 318 nm. 17, 18 However, the most pyrazole HPPD inhibitors could not directly inhibit the HPPD activity in vitro. In fact, pyrazoxyfen have to metabolized to 4-(2,4-dichlorobenzoyl)-1,3-dimethyl-5-hydroxypyrazole in plant. The HPPD assay revealed that pyrazoxyfen inhibited the enzyme activity with the IC 50 value of 7.5 mM while the values of its metabolite is 13 nM. These data strongly suggest that the pyrazole herbicide inhibit HPPD aer conversion to the herbicidally active metabolite in plants. 32 The synthesized pyrazole benzophenone derivatives didn't inhibit the growth of barnyard grass or maize in the rst 7 days, and then it showed typical bleaching injury symptoms to plants until the plants withered. The post-emergent herbicidal activities of compounds 5a-t were tested against barnyard grass. The commercial pyrazole herbicide pyrazoxyfen was selected as a positive control. As showed in Table 1 , most of the compounds showed some extent herbicidal activities via decreasing the concentration of chlorophyll a and chlorophyll b, such as compounds 5a-j, 5l-q, 5s, 5t. Most surprisingly, compounds 5g, 5h, 5n, 5o, 5q, 5s, 5t displayed the highest herbicidal activity which were superior to pyrazoxyfen. Comparing the activities of the compounds revealed that substituent R was the primary group which played a crucial role in the activity of the compounds. As can be seen from Table 1 , compounds 5n, 5q and 5p with an aromatic ve-member ring at R displayed increasing herbicidal activity compared to compounds with benzoyl at R. It is very interesting that compound 5n (furan) showed most strong herbicidal activity. Furthermore, compounds 5o, 5s and 5t with ethoxy substitution also found to have herbicidal activity against the barnyard grass. In contrast, compounds with benzoyl at R exhibited much lower herbicidal activity, even if compounds 5g and 5h showed more potent inhibition against barnyard grass, superior to pyrazoxyfen. Compounds 5g, 5h, 5n, 5o, 5q, 5s, 5t were selected to determine the safety to maize aer herbicidal test. As shown in Table 2 , some compounds were safe compared with pyrazoxyfen. Compound 5n exhibited the best herbicidal activities against barnyard grass, unfortunately, it showed poor security to maize. Therefore, compound 5o may be the candidate as a herbicide for weed control in maize, and it was selected for further crop selectivity testing. The binding free energy of compound 5o with HPPD was relatively low, and that was agreed with the results of bioassay activity research (Table 3) .
Compound 5n was selected to docking with AtHPPD for it showed the best herbicidal activity. The important interactions of 5n with the active site of AtHPPD were presented in Fig. 3 . The bidentate coordination of the pyrazoxyfen part with Fe 2+ and the sandwiched p-p interaction of the benzene ring with Phe403 and Phe360 were mainly two interactions of AtHPPD with inhibitor. Compound 5n bind to HPPD as the same conguration as the DAS869. The oxygen of furan and carbonyl were responsible for forming a bidentate coordination with the Fe 2+ . Meanwhile, benzene ring which links to 4-position of pyrazole formed a favorable sandwich p-p interaction with residues Phe360 and Phe403 increasing hydrophobic interaction with amino acid of AtHPPD in the active pocket. The result also indicated that compound 5n might be a promising herbicide candidate.
Conclusion
In conclusion, a series of novel pyrazole derivatives were designed and identied as potent HPPD inhibitors. Most of the synthesized compounds displayed excellent herbicidal activities, some of them even superior to the commercial herbicide pyrazoxyfen. Much to our delight, compounds 5g, 5h, 5n, 5o, 5p, 5q, 5s, 5t displayed promising herbicidal activities at a rate of 0.05 mmol m À2 . It is inspired that compounds 5o showed better safety to maize. Therefore, the herbicidal activity of compound 5o was better than pyrazoxyfen. Besides, it was safe when used on maize. These results indicated that pyrazole derivatives could be novel lead compounds for novel herbicide discovery.
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